[1] Nearly coincident observations of HNO 3 , HCl, N 2 O, and H 2 O in the vicinity of the northern polar vortex during the NASA Polar Aura Validation Experiment (PAVE) in January and February 2005 have shown reasonably good agreement between aircraft-borne infrared spectrometer results and results from High Resolution Dynamics Limb Sounder (HIRDLS), Microwave Limb Sounder (MLS), and Tropospheric Emission Spectrometer (TES) instruments aboard the EOS Aura satellite. Mixing ratio profile and column results show that special attention must be given to retrievals that may be disturbed by the dynamics and chemical processing of the polar vortex. Largest differences occur on days when observations were made in regions of the vortex with large gradients in wind and potential vorticity, and the differences were especially noticeable in results for HNO 3 and HCl, whose profiles may be dramatically changed by vortex activity. The mean difference between coincident column observations by MLS and the Fourier transform spectrometer (FTS) is 2.4%, VMR profile amounts generally are in good agreement between the satellite observations where they are available. The average difference between coincident HCl column observations by MLS and the FTS is 4.6%.
Introduction
[2] During a recent, NASA-sponsored airborne campaign we deployed a high-resolution infrared spectrometer to measure total column amounts and mixing ratio vertical profiles of a number of gases also measured by instruments on the EOS Aura satellite. The main purpose of the Polar Aura Validation Experiment (PAVE) (http://cloud1.arc.nasa. gov/ave-polar/) was to provide coincident measurements of atmospheric gases and aerosols also measured by the four Aura experiments (HIRDLS, MLS, OMI, TES) (http:// aura.gsfc.nasa.gov/), launched in July 2004. We report here measurements of gaseous constituents derived from the absorption of infrared solar radiation by the atmosphere above an aircraft platform. The NASA DC-8 aircraft was flown in January and February 2005, from a base in New Hampshire, USA (43.06N, 70.81W) to coincide with subtangent tracks of the Aura instruments. High-resolution (0.06 cm À1 FWHM) observed spectra are fit with calculated spectra to derive column and profile amounts of a number of atmospheric gases that also are measured by the Aura instruments. We concentrate here on comparisons with limb viewing measurements made by the Microwave Limb Sounder (MLS) , High Resolution Dynamics Limb Sounder (HIRDLS) [Gille et al., 2008] and Tropospheric Emission Spectrometer (TES) [Beer, 2006] experiments aboard Aura.
Observations
[3] The dynamics of the northern polar winter of [2004] [2005] were such that a very cold and stable polar vortex was established which persisted throughout the period of the PAVE program. Furthermore the location of the vortex was such that the interior of the vortex was accessible within the flight range of the DC-8 from Pease airbase in Portsmouth, New Hampshire. The polar vortex exhibits a number of features that make it a suitable test for validation of satelliteborne sensors: it is a localized feature but large enough to easily locate; it has a relatively well understood structure; its location and movement are predictable; they occur on a regular basis in both hemispheres; some gases easily measured by satellite instruments increase within the vortex while some decrease; and polar vortices have sharp boundaries. All these features make the polar vortex a good target for testing the capabilities of satellite observations and retrieval techniques although they could serve to confound intercomparison activities.
[4] Typical flights of the DC-8 during PAVE lasted for 8 -10 h during which approximately one hour was devoted to tracking the setting sun for observations by the NCAR Fourier transform spectrometer (FTS). Figure 1 shows the DC-8 flight tracks out of Pease with an indication of the segment of each flight devoted to solar observing, denoted by highlighted portions of each flight track. The direction of observing is generally south from the aircraft and, for a typical solar elevation (5°) a ray from the sun passes through an altitude of 25 km at a distance of approximately 130 km from the aircraft. The six FTS observation periods, shown in Figure 1 , were well distributed with respect to the polar vortex. Two flights were clearly outside the vortex, two within the transition region and one flight well within the interior of the vortex. Here we define the polar vortex as that region circumscribed by a maximum in the westerly wind at a level of about 20 km and identified by contours of Ertel Potential Vorticity (EPV) on the 50 mb surface as shown in Figure 2 (EPV analyses were provided by the NASA Ames Airborne Science Meteorological Support Team). The edge of the polar vortex, and the location of maximum wind, is closely associated with a value of 2.5 Â 10 À5 K m 2 /kg s on the contours of Figure 2 . Figures 2aÀ2e also show the 5 FTS observation tracks during PAVE on maps of EPV. We may consider the polar vortex to be a relatively conserved and stable entity that we were able to sample as it rotated about the pole; a reasonable assumption for the 9-day period of these observations. Figure 2f shows a schematic of the approximate locations of the 5 research flights with respect to the rotating vortex. The flight tracks in Figure 2f are displaced in a clockwise circumpolar direction, determined from trajectory analyses, to indicate the actual part of the vortex sampled. Trajectory analyses were performed using the NASA GSFC air parcel trajectory automailer [Schoeberl and Sparling, 1994] .
Characterization of FTS Measurements
[5] Infrared spectra recorded by the NCAR FTS are simultaneously fit in one or more selected spectral regions for each gas of interest to retrieve the VMR vertical profiles using the optimal estimation technique employed in the SFIT2 retrieval code [Chang and Shaw, 1977; Rinsland et al., 1982 Rinsland et al., , 1998 Connor et al., 1995 , Hase et al., 2004 . Table 1 shows the spectral regions used for each gas along with gases that have interfering absorption features in one or more of the regions. These interfering features also are fit by scaling the initial gas profile to minimize their effect on the target species retrieval. The retrieved VMR profile can be integrated to yield a vertical column from above the observation altitude to beyond the extent of the observation sensitivity. To remove possible differences due to aircraft altitude, calculation of partial column values given here begin at 13 km, just above the highest possible aircraft flight level.
[6] Fourier transformation and phase correction of the recorded interferograms and initial retrievals were performed in the field in near real time to provide initial science products. Each spectrum is composed of 10 interferogram scans of 16 cm that take 60 s integration time. The results given here were reanalyzed at a later time using appropriate temperature and pressure fields from curtain files derived by the NASA Ames Flight Support Team. Instrument function corrections derived from cell measurements [Coffey et al., 1998 ] taken in flight after each solar observing period are used in the forward model [Hase et al., 1999] . The measured instrument function remained essentially constant through the campaign. HITRAN 2004 line parameters [Rothman et al., 2005] are used in the forward line-by-line spectral calculation. The forward model also includes solar absorption features [Hase et al., 2006] adjusted with a single shift parameter that was fit in the retrieval process. Mixing ratio retrievals were constrained with a priori covariance described by the diagonal values and interlayer correlation lengths given in Table 1 . Initial VMR profiles are given in Figure 3 . These are derived from arctic balloon measurements [Toon et al., 2002] except for H 2 O. The water vapor profile is constructed from calculating a surface mixing ratio for a dew point 2°C below ambient falling to a nominal 4 ppm in the lower stratosphere.
[7] The NCAR FTS has been used for airborne measurements of this type for more than 25 years, and results, describing the latitudinal and seasonal dependences and time trends, of a number of upper tropospheric and stratospheric gases have been reported [Coffey et al., 1981; Mankin and Coffey, 1983 ; Coffey, 1988; Coffey et al., 1989; Mankin and Coffey, 1989; Coffey et al., 2006] . Recent upgrades to the optics and data system have improved the stability and signal-to-noise characteristics of the system. This along with advances in mixing ratio retrieval techniques for FTS's allow the retrieval of vertical profile information for several gases in the upper tropospheric to lower stratospheric region.
[8] Retrievals of mixing ratio profiles from a single line of sight measurement rely solely on the altitude-dependent pressure broadening effect on absorption by the target gas. The maximum altitude for information and vertical resolution are dependent on wavelength, spectral resolution of the FTS, signal-to-noise ratio (SNR) and the characterization of the instrument line shape (ILS). In the infrared spectral region, where our measurements are made, retrievals may be made up to about 30 km, depending on the gas, as illustrated in Figure 4 . The information retrieved using the OE technique can be illustrated by the degrees of freedom for signal (DOFS) that are given in Table 2 and the total column-averaging kernels that are shown in Figure 4 . The DOFS show that between 1 and 2 independent pieces of information distributed in the retrieved profile are available for this data set dependent on the species. The altitude range of the information is near the kernel peaks shown in Figure 4 and also varies with species. Where the kernels fall to 0.5 and below the retrieved profile is composed chiefly of the a priori.
[9] Uncertainty in the column retrieval, due predominantly to random and systematic sources, are given in Table 3 . Sensitivity calculations used to generate these uncertainties were performed on the retrieval altitude grid and altitudedependent error values were derived. Air-broadening coefficient, line strength and ILS are considered systematic uncertainties. Uncertainty in line strengths have been taken from the HITRAN 2004 database, air-broadening coefficient uncertainty is taken to be 5%. Owing to the stability of the ILS, the estimate in its uncertainty of 5% is determined to have a systematic effect on the data set. Random uncertainties are composed of a pointing deviation of 0.1°from the calculated solar zenith angle. Consideration has been made for the fact that zenith angle time is based on the time recorded from the real-time on-board DADS data stream that could differ from the data acquisition computer time. Solar tracking is performed by a stable two-axis dynamic tracker fixed on the FTS frame. An estimate of 2°C from the nominal temperature profile was used to calculate sensitivities of total column and mixing ratio uncertainties. The temperature profile used was an average of all temperature profiles provided by the NASA Ames Support Team during a given sun run typically 30-50 profiles. Estimation of uncertainty includes the effect on the air mass and ray tracing as well as partition function and line strength calculations. The random measurement error shows the uncertainty in the column due to the finite SNR of the measurement. The effect of the uncorrelated measurement covariance on the retrieved profile in the OE formulation is given by
where D y is the contribution function or sensitivity of the retrieval to the measurement [Rodgers, 1990] and S e is the measurement covariance.
[10] The resultant uncertainty in random and systematic components and their sum is given in Table 2 . Measurement error tends to dominate the budget except for HNO 3 where uncertainty in laboratory derived line strengths of 8% is predominant. Smoothing error that describes an inherent mismatch between a retrieved profile and the actual profile due to the vertical resolution of the measurement technique is not included here as an uncertainty component. Each measurement technique described here has an associated smoothing error that is described in their averaging kernel Figure 4 . Total column-averaging kernels for each target gas calculated as the sum of the individual mixing ratio kernels. These are the RSS of the random and systematic values, and their sum gives the total uncertainty. The degrees of freedom for signal is calculated as the rank of the averaging kernel matrix. 
Results
[11] Figure 5 shows column amounts derived from FTS observations of HCl and HF versus EPV (50 mb) for the PAVE period. To translate to vortex-centered space we assign to each observation the EPV at 50 mb as calculated by the Goddard Space Flight Center (GSFC) PAVE Science support team and provided as a curtain of data that follows the DC-8 flight track (XS files in the PAVE archive). As indicated in the figure the measurements at EPV < $2.5 Â 10 À5 K m 2 /kg s are generally outside the influence of the polar vortex and represent typical midlatitude values of HCl and HF that produce an HCl/HF ratio near 2. Measurements between EPV = 2.5 and 3.5 Â 10 À5 K m 2 /kg s indicate strong descent within the collar region of the vortex, descent that increases the column amounts of both HCl and HF as air rich in HCl and HF from higher altitudes is transported to lower altitudes (and replaced at the upper levels by equally rich air). Within the vortex we see the combined effect of descent (that increases HCl and HF) and chemical destruction (that affects only HCl). Deeper within the vortex Figure 5 shows the destruction of HCl relative to the still increasing HF amount. These observations are consistent with current understanding of polar processes [Newman and Rex, 2007] and indicate a well established cold polar vortex. The NH wintertime polar vortex of 2004-2005 was the coldest and most extensive of record with a potential for Polar Stratospheric Cloud (PSC) formation on more days and over a larger area than in any previous year [Manney et al., 2006] . The PAVE mission was fortunate to be able to sample the polar vortex so well with a limited number of flights from a relatively low latitude base.
[12] Flights of the DC-8 were designed to coincide with overpasses of the Aura satellite which, due to its 98 degree inclination orbit, generally are in a north-south direction. However, the solar observing periods of the DC-8 flights are generally more west-to-east to allow tracking the low elevation sun through an infrared transmitting window in the right side of the aircraft. Locations of the FTS, HIRDLS, MLS and TES observations on each of the 5 solar flights are shown in Figure 6 . HIRDLS and MLS are limb-viewing instruments aboard Aura and made observations in the vicinity of the DC8 flight track on each of the 5 FTS solar-observing days. TES, which normally has a nadir viewing geometry, also may be utilized in a limb-viewing mode as was done on two days (29 and 31 January 2005) to produce HNO 3 vertical profiles. Also indicated in Figure 6 are the times of observation. For the intercomparisons shown here locations are selected to be within about 600 km and within 3 h. Regions of intercomparison between the aircraft and satellite observations are shown as shaded portions of Figure 6 . As may be seen these regions are largely either inside or outside the polar vortex, as defined by the 2.5 Â 10 À5 K m 2 /kg s PV contour, that also is shown in the figure. This situation is further supported by the relatively small variation in constituents, such as HNO 3 , measured by the aircraft or satellite instruments within the comparison regions. This is indicated in Figure 7 by the standard deviations of the observed HNO 3 .
[13] Figure 7 shows vertical profiles for HNO 3 derived from NCAR FTS measurements, HIRDLS version 2.04.08, MLS version 2.20 and TES version V003 analyses. The average of mixing ratio vertical profiles for observations contained within the shaded areas of Figure 6 are shown in Figure 7 along with estimated uncertainties in those profiles. There are typically between 5 and 12 individual profiles in each average profile shown in Figure 7 as indicated by the symbols inside the blue shaded box of Figure 6 . The upper altitude (lower pressure) of Figure 7 is cut off when the a priori begins to dominate the measurement, above about 10 hPa. As seen in Figure 7 there is relatively good agreement among the various observations of HNO 3 except that the retrieval from the aircraft observations suggests a layer of enhanced HNO 3 on days when observations were made within or near the boundary of the polar vortex (20050129, 20050131 and 20050205) . On the other two days, outside the vortex, there is good agreement between the aircraft and satellite observations. Figure 8 shows column amounts of HNO 3 above an altitude of 13 km versus latitude for the same days as Figure 7 . FTS results are indicated by solid symbols in Figure 8 and MLS results are corresponding open symbols. Errors, shown in Figure 8 , for FTS measurements are from the error simulations described above and represent typically 15%, for MLS error bars are 10% as recommended in the MLS data quality document [Livesey et al., 2005] and Barnett, 2006] and for TES in the TES Level 2 Data User's Guide [Osterman et al., 2006] . As may be seen in Figure 8 , HNO 3 column amounts generally agree to within the overlap of the errors except for 31 January 2005. It also is clear in Figure 8 that, regarding HNO 3 , the observations on 29 January 2005 were more like inner vortex air than outer vortex. The mean difference between adjacent observations by MLS and the FTS is 2.4%, (1.8% if 31 January is not included). On 31 January the views of the aircraft and Auraborne instruments would have been through a part of the polar vortex characterized by relatively sharp gradients as may be seen in Figure 2b . The MLS line-of-sight (LOS) is in the direction of spacecraft motion while HIRDLS and TES (limb mode) view a number of degrees off the spacecraft track aft of the direction of flight. A feature of any satellite-borne limb-viewing instrument will be the Figure 6 . Maps of NCAR FTS observation locations with subtangent points for observations by HIRDLS, MLS, and TES at nearly coincident times. Satellite crossing times are similar each day for a given location. Also shown are approximate polar vortex boundaries as defined in the text. Data within the shaded areas are used for subsequent plots.
relatively large horizontal averaging of the measurement compared to the horizontal extent of the aircraft FTS LOS. If there are large horizontal gradients in HNO 3 this may account for the differences in retrieved HNO 3 columns, and differences in other gases discussed below, when the aircraft and satellite views are through the steepest gradients near the vortex boundary. The vertical resolution of the FTS retrieval is not optimum to locate a thin layer in the profile of HNO 3 , as discussed earlier, and the maxima in the FTS profiles for 20050129, 20050131 and 20050205 are probably an overestimate. However, the implication of the retrievals, based on a number of solid fits of very good spectra, for those three days within the vortex, is that there is a layer of enhanced HNO 3 at altitudes near 18 km with perhaps some depletion of HNO 3 above. This situation is supported by HNO 3 observations by the submillimeter Figure 7 . Vertical profiles of HNO 3 average mixing ratio from HIRDLS, MLS, TES, and the NCAR FTS. Error bars represent estimated uncertainties for an individual VMR profile. emission radiometer (ASUR), also flown on the DC-8 during PAVE, that reported HNO 3 maxima greater than 13 ppbv near 16 km altitude and minima below 4 ppbv near 22 km. They attributed this to a redistribution of HNO 3 by sedimentation (and reevaporation) of nitric acid particles [Kleinböhl et al., 2005] .
[14] Figure 9 shows columns of HCl measured by the NCAR FTS and MLS on Aura for the five observation days. As for HNO 3 there is generally good agreement except for day 20050131 where the MLS columns show less HCl than the FTS results. The average difference between adjacent observations is 4.6%. The error bars on the FTS HCl observations are from the full error analysis and represent about 11%. The larger differences on day 20050131 may be due to sharp gradients in HCl (and HNO 3 ) near the edge of the polar vortex.
[15] Figure 10 shows N 2 O mixing ratio vertical profiles measured by the NCAR FTS and MLS and HIRDLS on Aura. Error bars are plus and minus 20% for the Aura observations and are the estimated systematic plus random error for the FTS observations.
[16] Figure 11 shows VMR results for H 2 O from the NCAR FTS and MLS with generally good agreement. The relatively good comparisons between the airborne FTS and MLS and HIRDLS for N 2 O and H 2 O show that the vertical profiles of these gases may not be as disturbed by the influence of the polar vortex. We recognize that the vertical averaging kernels of the various satellite and aircraft techniques may not be perfectly matched and may limit the applicability of intercomparisons [Rodgers and Connor, 2003] , as discussed earlier. We would point out that column amounts derived from satellite and aircraft observations offer the most appropriate quantities for comparison [Rodgers and Connor, 2003] , and we have shown a sample here.
Summary
[17] Nearly coincident observations of HNO 3 , HCl, N 2 O and H 2 O in the vicinity of the northern polar vortex in January and February 2005 have shown reasonably good agreement between an aircraft-borne infrared spectrometer and the HIRDLS, MLS and TES instruments aboard the EOS Aura satellite. Observations by the airborne and satellite instruments usually were made within about 600 km and 3 h of each other. Mixing ratio profile and column results show that the best agreement among all the techniques is found on days when the constituent fields are not disturbed by the dynamics and chemical processing of the polar vortex. Days 20050203 (3 February 2005) and 20050207 (7 February 2005) were least influenced by the vortex, the mean difference in column amounts derived by MLS and the FTS on those days was 4.6% for HCl and 2.4% for HNO 3 . Largest differences occur on days when observations were made in a region of the vortex with large gradients in wind and potential vorticity, differences were especially noticeable in results for HNO 3 and HCl whose profiles may be dramatically changed by vortex activity. Nitric acid profile results from the three satellite instruments (results were not available for all days) generally had overlapping standard deviations while the aircraft FTS retrieval shows a layer of enhanced HNO 3 on days believed to be influenced by the polar vortex. N 2 O shows reasonable good agreement between all the techniques with a small positive bias in the HIRDLS observation. Water vapor results were consistent between MLS and the FTS except on one day at the lowest altitude of the retrieval. Differences between aircraft and satellite observations may be due to their respective lines-of-sight through high-gradient regions 
